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a  b  s  t  r  a  c  t
Cultivated  peanut  is  an  allotetraploid  (genome  type AABB)  with  a very  narrow  genetic  base,  therefore  wild
species  are  an  attractive  source  of  new  variability  and traits.  Because  most  wild  species  are  diploid,  the
ﬁrst step  of  introgression  usually  involves  hybridization  of  wild species  and  polyploidization  to  produce  a
synthetic  allotetraploid  (AABB)  that is  sexually  compatible  with  peanut.  This  study  investigates  drought-
related  traits  such  as  leaf  morphology,  transpiration  proﬁle,  chlorophyll  meter  readings  (SCMR),  speciﬁc
leaf area  (SLA)  and  transpiration  rate  per  leaf  area  for  two wild  diploids  (Arachis  duranensis  and  Arachis
ipaënsis)  that  could  be  of interest  for  improvement  of the  peanut  crop.  Furthermore,  the  inheritance  ofynthetic allotetraploid
ntrogression
eaf morphology
ild germplasm
the  traits  from  the diploid  to the tetraploid  state  was  investigated.  Results  showed  that  whilst  some
diploid  traits  such  as  SCMR,  are  maintained  through  hybridization  and polyploidization,  most  characters,
such  as  the leaf  area,  stomata  size,  trichome  density  and transpiration  proﬁle,  are  substantially  modiﬁed.
The study  concludes  that  direct  evaluations  of  drought-related  traits  in wild  diploids  may  be  useful  for
evaluation  of  wild  species  to be  used  in  introgression.  However,  evaluations  on  wild-derived  synthetic
tetraploids  are  likely  to  be more  informative.. Introduction
Cultivated peanut (Arachis hypogaea) is an allotetraploid (AABB)
hich most probably originated via hybridization of two  diploid
ild species followed by a spontaneous duplication of chromo-
omes or fusion of unreduced gametes (Halward et al., 1991). Due to
ifference in ploidy from the diploid wild species, peanut became
eproductively isolated from its wild relatives. This led to lack of
iversity for some traits of agricultural interest and very low DNA
olymorphism. Consequently the wild diploid species of Arachis
arbor many “lost alleles” and have potential for broadening the
enetic base of the peanut crop.
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Historically, for peanut, the transfer of genes from wild species
by sexual crossing was hindered by the ploidy differences. This
can be overcome by artiﬁcial hybridizing A and B genome wilds
followed by induced chromosome duplication to restore fertility
through the tetraploid or hexaploid route (Stalker and Wynne,
1979; Simpson et al., 1993). Furthermore, improved knowledge
of Arachis species relationships has been gained in recent years
by more detailed cytogenetic and molecular phylogenetic stud-
ies (Kochert et al., 1996; Burow et al., 2001; Robledo and Seijo,
2010). These have provided a much better understanding of the
relationships of the wild and cultivated species. Linkage drag
and difﬁculties in conﬁrming hybrid identities and tracking intro-
gressed segments have also hindered progress. However, over the
last few years very signiﬁcant advances have been made in the
development of the genetic tools needed to overcome these prob-
lems.
Many wild Arachis species have been found to be resistant to
Open access under CC BY-NC-ND license.biotic stresses (Leal-Bertioli et al., 2010; Nelson et al., 1989). At
least in principle, the introgression of disease resistances from wild
relatives into crop plants is relatively simple, because generally, one
or a few genes confer disease resistance (Hajjar and Hodgkin, 2007).
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o far, genetically characterized wild chromosome segments that
onfer improved nematode, leaf-spot and rust resistance have been
ntrogressed into peanut (Simpson and Starr, 2001). With active
esearch in this area we can expect more successes in the coming
ears (Khedikar et al., 2010).
Peanut is widely cultivated in the tropics, where drought is
ne of the most limiting factors for production. This together
ith concerns about climate change and yield stability has led
o increased interest in improved drought tolerance. The wild
pecies of peanut are found in extremely diverse environments,
anging from swamps to grasslands, to rocky ground in semi-arid
onditions (Krapovickas and Gregory, 2007; Bertioli et al., 2011).
herefore, it is possible that wild species do harbor genes that
ould confer improved performance under certain water limited
onditions. However, the inheritance of characters associated with
rought adaptation is likely to be genetically complex, and there-
ore unlikely to be tractable with alternating cycles of backcrossing
nd phenotyping/genotyping. Perhaps because of this, so far, little
ffort has been made towards the use of wild species to improve
his aspect of the peanut crop.
One promising route for the introgression of improved
rought-related traits using synthetic allotetraploids could be the
onstruction of chromosome substitution lines (Foncéka et al.,
009). Such lines are powerful tools for revealing cryptic bene-
cial alleles from the wild species but are very labor intensive
o construct, and only possible to make with a limited number
f wild accessions/species. Considering the resources needed to
btain new synthetics and backcrossed lines, a pertinent question
s what wild diploid parentals to choose and whether their direct
valuations can be used to identify desirable drought adaptation
raits that have potential for improving cultivated peanut. Poten-
ially, wild diploid species identiﬁed by such evaluations (Nautiyal
t al., 2008; Upadhyaya et al., 2011) could be used for the production
f synthetic allotetraploids and introgression.
In this study, we initiated an investigation on drought-related
haracters in wild Arachis accessions. Focus was placed on two
ccessions of Arachis ipaënsis and Arachis duranensis,  originated
rom regions with relatively low rainfall and their derived synthetic,
sing cultivated peanut as a parameter for comparison. The overall
im of the study was to investigate some drought-related charac-
ers and how far direct evaluations of wild diploid species may  be
seful to identify desirable traits that could be introgressed into
ultivated peanut to improve its drought tolerance.
. Materials and methods
.1. Plant material
Arachis seeds were obtained from the Active Germplasm Bank of
mbrapa Genetic Resources and Biotechnology (Cenargen, Brasília,
razil). Seeds were bulked up in greenhouse conditions. An ini-
ial experiment of progressive water deﬁcit was carried out with
0 wild diploid accessions, two cultivated tetraploid genotypes
nd a synthetic allotetraploid (A. duranensis V14167 × A. ipaënsis
G 30076)4× (Fávero et al., 2006) referred to here as synthetic,
ll annual genotypes (Supplementary File 1). Subsequently, the
ollowing genotypes were chosen for more detailed study: A. dura-
ensis V14167; A. ipaënsis KG30076, the synthetic and A. hypogaea
ubsp. hypogaea var. hypogaea ‘IAC-Runner’ (referred here as ‘Run-
er’). Seeds were germinated in germitex paper, with 2% Ethrel
2-chloroethylphosphonic acid) to break dormancy and 0.05%
hiram® to prevent fungal contamination. Plantlets were trans-
erred to pots of 15 cm diameter and 1200 g of dry soil capacity.
ild accessions show greater seed dormancy and initiate growth
t a lower rate; therefore they were planted two weeks before thed Experimental Botany 84 (2012) 17– 24
cultivated genotype and one week before the synthetic. All plants
were kept in greenhouse conditions. Plants were periodically
treated for mites and fungal diseases prior to water stress impo-
sition. Temperature and relative humidity were recorded hourly
using Electronic Datalogger Sato SK-L200TH II (Sato, Japan).
2.2. Leaf morphology
Features observed on the abaxial and adaxial surfaces included
stomata type according to Metcalfe and Chalk (1950),  stomata
length and width, stomata and epidermal cells density (number of
stomata or epidermal cells mm−2), number of trichomes, leaﬂet and
thickness of water storage cells layer. Leaves from ninety-day old
plants were used. Portions of two  leaﬂets of ﬁrst expanded leaf from
ﬁve plants of each genotype were dissociated (Berlyn and Miksche,
1976). Six epidermal dissociations (three for adaxial and three for
abaxial surface observations) were mounted for each plant with
glycerinated gelatin and observed in Zeiss Axiophot phase con-
trast microscope (Carl Zeiss, Germany). Images were recorded in
AxioCam Zeiss system (Carl Zeiss, Germany).
Features observed on the abaxial and adaxial surfaces included
stomata length and width, stomata and epidermal cells density
(number of stomata or epidermal cells mm−2), number of tri-
chomes, leaﬂet and spongy parenchyma thickness. To determine
stomata density, the numbers of epidermal cells and stomata were
determined in three observations of each surface, of each of the
leaﬂets of ﬁve plants in an area of 0.33 mm2. Stomatic index was
calculated as: IE = [NE/(CE + NE)] ×100, where NE corresponds to
the number of estomata and CE to the number of epidermal cells
(Cutter, 1986). Other samples were collected and processed for JB4®
resin embedding. Transversal astra blue and safranin stained semi-
thin sections (2–4 m thick) were analyzed to determine leaf cell
types and estimate leaﬂet and hypodermis thickness. Leaf length
and width were determined using a digital caliper and leaf area
was estimated considering that leaﬂets are ellipse-like. Statistical
analyses for genotype comparisons were performed using multiple
observations with the non-parametric test of Tukey with signiﬁ-
cance levels of 5%. For biplot of multivariate data based on Principal
Components Analysis (PCA), the method of Principal Components
with GH factoring column metric preserving was used (Gabriel,
1971). Analyses were performed using the statistical software R
(R Development Core Team, 2010).
2.3. Drought-related traits
2.3.1. Transpiration proﬁle (dry-down)
Evaluations of transpiration proﬁle in the initial experiment
of progressive water deﬁcit experiment—dry down (Sinclair and
Ludlow, 1986) in Arachis genotypes (Supplementary File 1) were
conducted in June 2007 in temperature-controlled greenhouse.
Further evaluations of four selected genotypes were conducted in
February/March 2010. Dry-down experiments were initiated at 8,
9, and 10 weeks after sowing the cultivated, synthetic, and wild
diploid genotypes, respectively, after plants had initiated repro-
ductive stage. At ﬁeld capacity (FC), pots contained approximately
1200 g of dried soil and 350 g of water. Until water stress imposi-
tion plants were grown under well-watered conditions. Plants were
divided into different sets of ﬁve repetitions of each genotype: one
set was harvested to assess biomass at the time of stress impo-
sition, one set was used as control with well-watered treatment
(WW),  and the last set was used for dry-down (DS).
During the experiment, all plant pots were weighed every day
at around 9 AM.  WW plants were kept at approximately 70% FC
by compensating water losses due to transpiration. For DS plants,
a loss of no more than 10 g of water per day was allowed, so that
stress imposition was  gradual. Daily transpiration rate (TR) was
tal and
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alculated by dividing transpiration of individual plants by the
ean transpiration of the WW plants of the same genotype. Nor-
alized transpiration rate (NTR) was calculated by dividing TR
alues by the average TR for the ﬁrst three days for each individ-
al plant. The purpose of this second normalization was to reduce
he effect of plant variation in size within a particular genotype.
or a given DS plant, the dry-down was terminated when its NTR
ell below 0.1, considered the point where there is no more water
vailable for transpiration. The difference between the initial pot
eight and the weight at the end of the experiment gave the total
ranspirable soil water (TTSW).
Changes in NTR during the dry-down experiment were
xpressed as a function of the fraction of soil transpirable water
FTSW). FTSW was calculated daily for each individual plant as the
atio between the water remaining in the soil and TTSW, so that:
TSW = daily weight − ﬁnal weight
TTSW
(1)
Plots of NTR against FTSW were generated for each genotype
ncluding individual replicated data on each day for all plants.
he relationship between the normalized transpiration rate (NTR)
nd the FTSW were ﬁtted by nonlinear regression (Muchow and
inclair, 1991), as follows:
TR = 1
[1 +  ˛ ∗ exp(  ˇ ∗ FTSW)] (2)
The estimates of the parameters of Eq. (2) were ﬁtted by the
auss–Newton algorithm using the n/s function of R statistical
ackage. Additionally, a plateau regression procedure was  used
o estimate a speciﬁc FTSW threshold value where NTR begins to
ecline (Ray and Sinclair, 1997). The plateau regression was per-
ormed on each replicate plant and a break-point and its standard
rror were estimated for each genotype.
The rate of water loss over unit of leaf area was  measured in
W plants over the last three days of the dry-down experiment,
nd expressed as g cm−2. Leaf area was then assessed soon after
arvesting the plants on the last day of the experiment.
.3.2. SCMR, SLA and ı13C
Soil plant analysis development (SPAD) chlorophyll meter read-
ngs (SCMR) were made with a SPAD meter (Konica Minolta
ensing, Inc., Japan) on three month old plants. Four SCMR were
ecorded in each leaﬂet of the second fully expanded leaf of the
ain stem or lateral branches and averaged. Only healthy plants
ere evaluated, and care was taken to avoid leaf veins. After record-
ng SCMR, leaves were soaked into water for at least 2 h to arrive
n full turgor. Leaf area was calculated as previously described
Item 2.2). Leaves were oven dried at 80 ◦C for 72 h and were then
eighed. Speciﬁc leaf area (SLA) was estimated as the ratio of leaf
rea and leaf dry weight and expressed in cm2 g−1. Both SCMR
nd SLA measurements were taken from leaves of WW plants. A
inimum of 34 leaves from at least 20 plants per genotype were
easured.
For ı13C analyses, leaf samples were oven-dried at 60 ◦C for at
east 48 h and then ground in a Wiley mill to a ﬁne powder. The sam-
les analyzed were the bulk of ﬁve leaves of at least three plants.
 1.5–2 mg  sub-sample of ground leaf material were placed and
ealed in a tin capsule and loaded into a ThermoQuest-Finnigan
elta Plus isotope ratio mass spectrometer (Finnigan-MAT; CA,
SA) in line with an Elemental Analyzer (Carlo Erba model 1110;
ilan, Italy). Stable isotope ratios of Carbon were measured rela-
ive to established international standards. The reference material
Atropine from LECO Corporation) was used as an internal working
alibration standard and was analyzed every ten samples to account
or drift during run and to perform nonlinearity correction due to
ariation in sample weight. The carbon isotope discrimination is Experimental Botany 84 (2012) 17– 24 19
expressed in “delta” notation (‰), where the isotopic composition
of a material relative to that of a standard on a per mill deviation
basis is given by ı‰ = (R sample/R standard − 1) ⊕ 1000, where R is
the molecular ratio of heavy to light isotope forms (13C/12C).
3. Results
Differences in leaf morphological and other drought related
traits were observed between wild diploid, synthetic and the culti-
vated tetraploid genotypes studied here. Changes in plant structure
upon induced hybridization followed by tetraploidization of the
same wild diploids were also observed, such as increase in indi-
vidual leaf area and thickness (Supplementary File 2), plant size
(not shown) and dry biomass. Total dry biomass of three months
old ‘Runner’ plants (8.29 g ± 1.75) was twice that of the synthetic
(4.14 g ± 1.19), which, by its turn, was almost twice that of the
wild diploid parentals: A. duranensis (2.5 g ± 0.54) and A. ipaënsis
(2.03 g ± 0.32).
3.1. Leaf morphology
The majority of the stomata (92–98%) of all genotypes were of
paracytic type (stoma surrounded by two  subsidiary cells parallel
to the long axis of the pore) present on both leaf surfaces. Other
stomata types were mostly anisocytic (stoma surrounded by three
cells of which one is distinctly smaller than the other two) and
anomocytic (surrounded by four subsidiary cells) (data not shown).
Stomatal dimensions (length and width) were comparable on both
leaf surfaces of all genotypes. In addition, trichome density was
greater in the abaxial than the adaxial leaf surface of all geno-
types (Supplementary File 2). Adaxial trichome density was not
statistically different in the synthetic, ‘Runner’ and A. duranensis.
Density in A. ipaënsis was  signiﬁcantly lower than the other geno-
types. Abaxial trichome density was  similar in the synthetic and A.
ipaënsis. The density in the synthetic was signiﬁcantly lower than
those in ‘Runner’ and A. duranensis (Supplementary File 2). Stomatal
measurements, length and width, on both adaxial and abaxial leaf
surfaces of the synthetic were similar to, and not statistically differ-
ent from ‘Runner’ in all cases, whereas the stomata of wild diploid
were somewhat smaller that the tetraploids (Supplementary File
2).
Signiﬁcantly lower adaxial densities of stomata and epidermal
cells were observed in the synthetic than either of the wild diploids.
The densities of the synthetic were similar to ‘Runner’. Adaxial
stomatic index values were also similar for the tetraploids, and
lower than for the diploids, but the difference was less marked,
indicating that cell size was generally larger in the tetraploids
(Supplementary File 2). The abaxial stomatal density was  lowest
in the synthetic but not statistically different from A. duranensis.
Densities in A. ipaënsis and ‘Runner’ were signiﬁcantly higher than
for the synthetic. The density of epidermal cells in the abaxial sur-
face was  statistically different for all genotypes, being highest for A.
ipaënsis, followed by A. duranensis,  the synthetic and ﬁnally ‘Run-
ner’. As a result, A. duranensis and the synthetic showed signiﬁcantly
lower stomatic index than the other genotypes (Supplementary File
2).
Individual leaf area of the synthetic was  similar to ‘Run-
ner’, which both were signiﬁcantly larger than the wild diploids
(Supplementary File 2). Similar general leaf structure was  observed
in all genotypes, with the thickest leaves being those of the syn-
thetic, which was  statistically similar to ‘Runner’. Leaves were
delimited by a single layered epidermis in both adaxial and abaxial
surfaces, and covered by a thin cuticle. The chlorenchyma showed a
large palisade parenchyma above the upper epidermis, composed
by uniform, cylindrical cells that were intercalated with vascular
20 S.C.M. Leal-Bertioli et al. / Environmental and Experimental Botany 84 (2012) 17– 24
Fig. 1. Transversal semi-thin sections of Arachis leaf portions stained with astra blue
and safranin. (a) synthetic allotetraploid (KG30076 ×V14167)4× , (b) A. hypogaea
subsp. hypogaea var. hypogaea ‘IAC-Runner 886’, (c) A. ipaënsis KG30076. General
leaf  proﬁle is similar in all genotypes. They show a single layered epidermis (Ep)
covered with a thin cuticle in both adaxial and abaxial surfaces; large palisade
parenchyma (P) with numerous cylindrical cells intercalated by vascular bundles
(V).  A less compact palisade parenchyma is observed in A. ipaënsis (c) when com-
pared to the other tetraploids. The spongy parenchyma (S) occupies around 20% of
the total leaf thickness and is formed by irregular shaped cells, with variable volume
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Fig. 2. Principal component analysis of leaf morphological characters. Adaxial num-
ber  of trichomes (NT), number of epidermal cells (NE), stomata length (SL), width
(SW)  and number (SN), leaf thickness (LT) and parenchyma thickness (PT). The
ﬁrst two principal components explained 78% of the total variation. Red dots for
A.  duranensis V14167, green dots for A. ipaënsis KG30076, white dots for the syn-
thetic allotetraploid (A. duranensis V14167 × A. ipaënsis KG30076)4× and blue for A.
hypogaea subsp. hypogaea var. hypogaea ‘IAC-Runner 886’. (For interpretation of thend they are distributed within irregular intercellular cavities and vascular bundles.
ars correspond to 100 m.
undles. Above that, a smaller spongy parenchyma composed by
oundish large cells was observed, being more or less abundant
epending on the genotype. A single layer of achloroplast cells, sep-
rated by large intercellular cavities was observed lying directly
bove the lower epidermis (Fig. 1). Cells of this layer are consid-
red to be water storage cells (Reddy and Rao, 1968). The average
idth of this layer corresponded to approximately 24% of the leaﬂet
hickness in the synthetic and, around 20% for the other genotypes
Supplementary File 2).
In sum out of the 15 characters evaluated in the synthetic in
omparison with the wild diploids and ‘Runner’, three were sim-
lar to the parental A. duranensis (trichome density on the adaxial
urface, stomata density and stomatic index on the abaxial sur-
ace); only trichome density in the abaxial surface was similar to
. ipaensis. Eight characters were different to both wild diploids,references to color in this ﬁgure legend, the reader is referred to the web version of
the article.)
but similar to the cultivated tetraploid (individual leaf area and
thickness, stomata length and width in both surfaces, stomata and
epidermal cells density in the adaxial surface); two characters were
similar to both ‘Runner’ and one of the wild parentals (thickness of
water storage cell layer and adaxial stomatic index); and ﬁnally,
only density of epidermis cells on the abaxial surface differed from
all genotypes above (Supplementary File 2).
The principal component analysis (PCA) for characteristics of
the adaxial surface corroborated this: the ﬁrst principal component
(vertical line) was able to separate synthetic and ‘Runner’ (group
1) from both wild diploids (group 2). For this component, group 1
showed high values for number of trichomes, stomata width and
length, leaf and spongy parenchyma thickness, and low values for
the number of epidermal cells and stomata on the adaxial surface.
The group 2 showed the opposite behavior. Moreover, the second
principal component (horizontal line) is able to separate A. dura-
nensis and ‘Runner’ (group 3) from A. ipaënsis and synthetic (group
4): The group 3 has high values for number of trichomes and low
values of leaf and thickness of water storage cells layer, width and
stomata length, all in the adaxial surface, and group 4 had inverse
values (Fig. 2). Similar analysis for abaxial surface did not produce
distinct groups as for adaxial surface (data not shown).
3.2. Drought-related traits
3.2.1. Transpiration proﬁle
During the initial dry down experiment, temperature ranged
between 15.6 and 28.9 ◦C, relative humidity, 96–28%, and midday
VPD between 0.47 and 1.4 KPa with average of 0.81 KPa. During the
subsequent experiments, temperature ranged between 16.10 and
34.2 ◦C, relative humidity, 95.3–33.9% and midday VPD between
0.78 and 1.90 KPa and averaged 1.42 KPa (Supplementary File 3). In
both experiments, VPDs were considered moderate.
The transpiration curve of the Arachis genotypes here studied
under gradual exposure to water deﬁcit followed the same pattern
as for cultivated and other cultivated tropical legume plant species
(Sinclair and Ludlow, 1986; Devi et al., 2010; Zaman-Allah et al.,
2011) (Figs. 3 and 4).
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The initial dry down experiment revealed a large variation in the
TSW threshold for NTR decline in different genotypes, even from
he same species and varied from 0.24 (A. stenosperma V10229) and
.76 (A. magna KG30097) (Fig. 3). In general, the wild diploids tend
o have higher FTSW threshold than the tetraploids. The synthetic
evealed a FTSW threshold more similar to the cultivated peanut
han to one of its wild parentals, A. duranensis (Fig. 3). For this
eason, this genotype and its parentals were the focus of the sec-
nd dry down experiment. In the second experiment, the synthetic
ranspiration response to progressive exposure to water deﬁcit
onﬁrmed to be different from both of the wild diploid parentals.
he FTSW threshold value where NTR begins to decline was  sig-
iﬁcantly lower for the synthetic (0.30 ± 0.05) than for the wild
arental genotypes (0.62 and 0.71) (Fig. 4).
The rate of water used for transpiration per total leaf
rea (WU/LA) per day was higher for the tetraploids than for
he wild diploids: A. duranensis transpired 0.55 g/cm−2 d−1, A.
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ipaënsis,  0.74 g/cm−2 d−1, synthetic, 0.9 g cm−2 d−1 and ‘Runner’,
0.94 g cm−2 d−1, and (Fig. 5).
3.2.2. SCMR, SLA and ı13C
Values of SCMR and ı13C for the synthetic were generally closer
to the wild diploid parentals than to ‘Runner’. For SLA and SCMR,
there was  little variation among genotypes. The synthetic had
the same SLA value as the wild A. duranensis and higher than
A. ipaënsis. SCMR values observed for the synthetic and the wild
diploids were similar, differing from ‘Runner’, which had higher
value (Supplementary File 2).
Mean foliar ı13C (measured only in WW plants) varied from
−25.47‰ (synthetic) to −28.31‰ (‘Runner’) (range of 2.84‰)
(Supplementary File 2). Synthetic foliar ı13C value was very similar
to the wild diploids and distinct from that of ‘Runner’. Although,
from a statistical point of view, the reduced sample size did not
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. Discussion
The introduction of new genetic diversity through crosses with
ilds is an attractive route to overcoming genetic limitations and
ntroducing improved characteristics to crops. However there are
umerous obstacles that may  be found whilst navigating this route.
ild plants are not agronomically adapted. Multiple cycles of back-
rossing are usually required to eliminate undesirable wild genes
nd even then, wild genes with pleiotropic effects and linkage
rag can reduce the agronomic performance of progeny derived
rom cultivated × wild crosses. At the beginning of this journey it
ould be prudent to make as informed a choice as possible regard-
ng which wild relatives to use. This rationale has served well for
he successful introgression of wild disease resistances into crop
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paënsis (KG30076), over a three day period.e days. Data are the mean of at least four plants. A. duranensis (V14167), A. ipaënsis
nf1) and A. hypogaea subsp. hypogaea var. hypogaea ‘IAC-Runner 886’ (Runner).
plants (Hajjar and Hodgkin, 2007). In this case, direct evaluations
of wild plants are often very informative, because single, or a few
genes often confer disease resistance (e.g. Foncéka et al., 2009;
Leal-Bertioli et al., 2009). Drought adaptation would be expected
to be more genetically complex. Nevertheless, direct evaluation of
wild species’ natural habitat, phenotype and performance under
water limited growth conditions are frequently used as a guide in
the choice of wild species for introgression of improved drought
adaptation (e.g.Canci and Toker, 2009; Chetelat et al., 2009).
In the case of peanut, the direct evaluation of wild relatives
for desirable drought adaptation traits has an extra complicating
factor. Whilst most wild relatives are diploid, cultivated peanut
is tetraploid. Therefore, introgression routes in peanut rely on
hybridization and the induction of polyploidy, which are known to
cause changes in genome structure, gene expression, cell size and
growth rates, size and shape of organs, and reproductive systems
(Adams and Wendel, 2005; Otto and Whitton, 2000; Masterson,
1994). However, such changes are by no means universal or pre-
dictable and polyploid plants may  have characteristics that are
similar to either of their parentals; intermediate between them;
or have characteristics that are absent in, or exceed those of the
contributing parentals (Liu et al., 2007; Xu et al., 2007).
Because of the inherent problems of comparing wild Arachis and
cultivated plants which differ in ploidy, phenology, architecture
and cycle (Krapovickas and Gregory, 2007), emphasis was placed on
leaf morphology and other drought tolerance related traits. Careful
analysis is needed to evaluate the usefulness of the features in an
agronomic context, as well as the possibility of their introgression.
For this, investigation was performed on a synthetic allotetraploid
and its two diploid parentals (A. duranensis and A. ipaënsis).
Cultivated peanut, which most probably originated from the
same two  wild species (Kochert et al., 1996) was  used as a point
of comparison.
The soil moisture level (FTSW) at which transpiration starts to
decrease under gradual water deﬁcit (FTSW threshold) is one of the
key variables in the way that plants respond to limited water avail-
ability (Jones, 1992). Genotypes with NTR threshold at relatively
high soil water content can be said to be “conservative” with water
use (Gollan et al., 1986). In the initial dry down experiment, the
large variation in the FTSW threshold for NTR and the tendency
for the wild diploids to have higher soil moisture threshold for
the transpiration decline than the tetraploid cultivated suggested
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ied here are substantially modiﬁed by polyploidization. Therefore,ig. 7. Average rainfall (mm)  in the sites of origin of A. duranensis (V14167, grey)
nd  A. ipaënsis (KG30076, black).
 more conservative response to water deﬁcit in the wild diploid
pecies, in particular, A. magna KG30097. In contrast, the tetraploids
aintained stomata opened until the soil was dryer. This could not
ave been predicted to be present in the synthetic by assays on
he wild diploids and this response seems to be mainly related
o ploidy change. Subsequently, we paid special attention to the
ccessions of A. ipaënsis KG30076 and A. duranensis V14167, which
ad higher threshold for the decline of transpiration than its syn-
hetic allotetraploid. Here, the synthetic allotetraploid had a proﬁle
f transpiration response that was clearly closer to that of ‘Run-
er’. These two wild diploids originate from regions with relatively
ow rainfall (699 and 575 mm/year, respectively (Fig. 7); average
orld rainfall is about 1050 mm/year (www.worldclimate.com).
herefore, it was expected that water saving features such as
estricting transpiration at relatively high level of soil moisture
ould be present in these accessions. This could be useful to
mprove the cultigens, where water saving traits have recently
een shown to be important (Ratnakumar and Vadez, 2012), but
here the range of variation for the transpiration response to
ater deﬁcit is relatively limited in the cultivated germplasm (Devi
t al., 2010). It is also important to note that more moderate use
f soil water could improve crop performance where water is
imited, but also would be related to less photosynthetic activity
nd growth and a yield penalty where water availability is higher
Vadez et al., 2008).
The FTSW threshold data was also consistent with the data on
U/LA, which is a proxy for stomata conductance. Lower stomata
onductance relates to terminal drought tolerance where plants
epend on stored soil moisture at the end of the crop cycle (Kholová
t al., 2010). Plants with this characteristic save water and make
t available for later stages of the crop cycle, especially at the
rain ﬁlling stage (Passioura, 1977; Ratnakumar et al., 2009). The
ild diploids after ﬂowering had a consistently lower WU/LA,
hen compared to ‘Runner’. However, here also, tetraploidization
ppeared to offset the characteristics of the wild diploids and the
ynthetic was more similar to the cultivated genotype (‘Runner’)
han to the wild parentals. For these characteristics the use of direct
easurements on diploids for choosing wild parentals for crosses
ould not be appropriate.
Leaf morphological characteristics here evaluated, such astomatal density and dimensions, leaﬂeat area and layers thick-
ess and trichomes density can all be associated with drought
daptation. These features can indeed affect gas exchange rates, Experimental Botany 84 (2012) 17– 24 23
photosynthesis levels, water loss and air movement, therefore,
interfering in gas and water exchange at the leaf surface (Veiga et al.,
1994; Mauseth, 2009). Overall, these characteristics of the synthetic
tended to be closer to the ‘Runner’ than to either wild parentals,
which suggests that many of the traits are more inﬂuenced by
tetraploidization than by the diploid parental heritage. Interest-
ingly, the synthetic shows a thicker leaf structure and higher ratio
of water storage cells layer/leaf thickness than either the wild
parentals. The layer of water storage cells observed for all geno-
types is similar to that described for A. hypogaea (Pallas, 1980) and
constitute an air-ﬁlled lower surface (Reddy et al., 2003) The water
storage property of these cells is associated with lower conductiv-
ity, larger vapor diffusion path (Reddy et al., 2003) and radiation
reﬂectance properties (Babu and Rao, 1983) as previously shown
for peanut leaﬂet lower layer. Therefore, a relative higher stomatal
resistance is expected there than in the upper layer. This is useful
whenever drought stress is underway and as one of the conse-
quences, is the exposition of the lower surfaces of the leaﬂets to
the environment due to parahelionastic movements (Chung et al.,
1997).
Most of the characteristics shared between the tetraploids were
inversely related to the FTSW threshold (data not shown). For other
characteristics such as SCMR and ı13C, the synthetic retains the
characteristics of its wild parentals. These characters may  be favor-
able candidates for introgression.
We show that tetraploidization changes many, but not all
aspects of general architecture and response to drought. The
synthetic that is derived from the wild diploids is more sim-
ilar to the cultivated peanut ‘Runner’ than its parentals for
most characteristics analyzed, which were lost in the ﬁrst steps
towards introgression, artiﬁcial hybridization and manipulation
of ploidy. Some other characters of the synthetic allotetraploid
exceed those of the wild parentals and ‘Runner’, such as the
ratio of spongy parenchyma to leaf thickness. These charac-
ters could not have been predicted by evaluations on the wild
diploids. However, notwithstanding complex genetics, they are
still candidates for transferring to cultivated peanut by introgres-
sion.
What then would be the best way  to identify wild species
or accessions to be used in introgression to improve the per-
formance of cultivated peanut under drought stress? This is
not a question with easy answers: although it would seem
justiﬁable to pay attention to potential parental plants that
have evolved under periodic water-limited conditions, it is
clear that evaluations of traits of interest on wild-derived syn-
thetics are essential. Further experiments with new synthetics
derived from other wild parentals will provide more information
on the potential of introgression of characteristics of inter-
est.
5. Conclusions
This is the ﬁrst comparison of accessions of wild Arachis species
and their derived synthetic allotetraploid on characteristics related
to water deﬁcit. The present analysis revealed variation in morpho-
logical and physiological features relevant to drought adaptation in
wild, wild-derived synthetic allotetraploid and cultivated Arachis.
Many characteristics are potentially more favorable in the wild
diploids than the cultivated tetraploid and could potentially be
useful in improving the performance of cultivated peanut under
drought stress. However, most drought related characteristics stud-evaluations of traits of interest on wild-derived synthetics are
likely to be more informative than direct evaluations on wild
diploids.
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